Spin-memory loss at Co/Ru interfaces 
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We have determined the spin- memory-loss parameter, Sqo/ru, by measuring the transmission of 
spin-triplet and spin-singlet Cooper pairs across Co/Ru interfaces in Josephson junctions and by 
Current-Perpendicular-to-Plane Giant Magnetoresistance (CPP-GMR) techniques. The probability 
of spin-memory loss at the Co/Ru interface is (1 — exp(—Sc /Ru))- From the CPP-MR, we obtain 



OCo/Ru 



0.34 



+0.04 



that is in good agreement with S, 



transmission. For spin-singlet transmission, we have 5co/Ru 
that obtained from CPP-GMR and spin-triplet transmission, 
understood. 

PACS numbers: 75.70.Cn, 85.25.Cp, 73.40.Jn, 74.50.+r 



Co/Ru = 0.35 ± 0.08 obtained from spin-triplet 
= 0.64 ± 0.05 that is different from 
The source of this difference is not 



I. INTRODUCTION 

Interest in spin-dependent transport in metals and 
semiconductors has grown rapidly since the discovery of 
Giant Magnetoresistance (GMR) in the late 1980's. Op- 
timization of the GMR and other spin-dependent phe- 
nomena requires quantitative determination of the pa- 
rameters characterizing the spin-dependent transport in 
ferromagnetic (F) and nonmagnetic (N) materials and 
at their interfaces. Spin-dependent transport phenom- 
ena are widespread, and are now known to produce ex- 
otic behavior in superconducting/ferromagnetic (S/F) 
hybrid systems^ as well. The recent experimental demon- 
stration of induced spin-triplet pair correlations in S/F 
systems 2 provides further impetus for understanding the 
spin-dependent transport properties of F and N materials 
and interfaces. 

This paper focuses on the properties of the interface 
between Co and Ru. The Co/Ru/Co trilayer system ex- 
hibits strong oscillatory exchange coupling between the 
two Co layers, and is known to be a synthetic antifer- 
romagnet (SAF) when the Ru thickness is in the range 
0.6 - 0.8 nm4 In our recent work on S/F/S Josephson 
junctions, we exploited the Co/Ru/Co SAF to form the 
ferromagnetic (F) core of the junctions. In the SAF, the 
intrinsic magnetic flux due to the Co domains cancels in 
the two Co layers, thereby allowing us to produce junc- 
tions with uniform current density over large junction 
areas. 4 Such junctions exhibit textbook-like Fraunhofer 
patterns when the critical current is plotted vs. the mag- 
netic field applied perpendicular to the current direction 
- in stark contrast to S/F/S junctions with a single F 
layer in the place of the SAFj^ When we placed addi- 
tional ferromagnetic layers (F') at either end of our junc- 
tions, to form S/F'/SAF/F'/S structures, we observed 
long-range supercurrents due to the generation of spin- 
triplet pair correlations in our structures.— Those super- 
currents had been predicted to appear in such systems 
in the presence of non-collinear magnetizations between 
nearby ferromagnetic layersJ^ In our samples the non- 
collinearity occurs between the F' and Co layers on cither 
end of the junctions^ 



One issue that has not been resolved is the magnitude 
of the critical current in our S/F'/SAF/F'/S Josephson 
junctions, with or without the F' layers. The critical cur- 
rent in Josephson junctions is often reported as the prod- 
uct of current times normal state resistance, I c Rn, be- 
cause that product is normally independent of the junc- 
tion area. Our junctions exhibit I c Rn products of order 
1-10 [£V for very thin Co layers in the SAF; I c Rn then 
decreases exponentially with increasing Co thickness.- 
Josephson junctions of the simpler form S/Co/S have 
been fabricated and measured by Robinson et al. 7 Those 
workers fabricated ultra-small junctions using a focused 
ion beam technique, and reported I c Rn products as large 
as 1 mV, or about 100 times larger than those of our sam- 
ples. Since the major difference between the samples of 
Robinson et al. and ours, aside from lateral size, is the 
presence of the Ru layers in our samples, an obvious can- 
didate to explain our smaller values of I c Rn is spin-flip 
scattering in the Ru or at the Co/Ru interface. One goal 
of this paper is to determine if such scattering can indeed 
explain the critical current discrepancy noted above. 

Spin-flip and spin-orbit scattering are known to be im- 
portant in the context of GMR4 In the most obvious 
scenario, spin-flip and spin-orbit scattering are sources of 
spin memory loss in nonmagnetic (N) metals, which lead 
to the reduction of the GMR signal in F/N/F devices. 
In a less obvious scenario, spin-flip scattering added in- 
tentionally at the outer edges of an N/F/N/F/N de- 
vice can increase the GMR signal by limiting the spatial 
extent over which the spin-up and spin-down electrons 
carry current independently of each other. The same ef- 
fect occurring in the F materials, however, leads to a 
reduction in the GMR signal. All of these effects can 
be understood quantitatively using the Valet-Fert (V-F) 
equations to describe the spin-dependent transport in the 
devices & Within V-F theory, spin memory loss in a bulk 
metal is characterized by a spin- memory length, l s t . The 
probability for an electron to lose memory of its spin 
state while traversing a metal layer of width t is then 
P = (1 — exp(—t/l s f)). For an interface between metals 
A and B, spin memory loss is characterized by a dimen- 
sionless parameter 5a/b, with the associated probability 
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equal to P = (1 — exp(— Sa/b))- The main goal of this 
paper is the determination of Sqo/Ru from a variety of 
experiments, both in the context of superconducting sys- 
tems and in the context of GMR in non-superconducting 
systems. 



II. SUPPRESSION OF JOSEPHSON 
SUPERCURRENT BY CO/RU INTERFACES 

In our recent work, we have measured the critical 
supcrcurrcnt, I Cl in Josephson junctions of the form 
Nb/Cu/F'/Cu/Co/Ru/Co/Cu/F'/Cu/Nb. 2 ' 6 The inner 
Co/Ru/Co SAF possesses large exchange energy but very 
little net magnetic flux. The latter characteristic allows 
us to obtain reliable estimates of I c from the measured 
Fraunhofer patterns^ In samples without F' layers, the 
large exchange energy leads to a rapid decay of I c as 
the Co thickness is increased^ This behavior is well- 
understoodjiS and is due to rapid dephasing of the two 
electrons from the Cooper pair after they enter different 
spin bands in the Co^ In samples with certain specific 
F' layers, I c practically does not decrease with increas- 
ing Co thickness^ which is a sign that the supercurrent 
is being carried by spin-triplet rather than spin-singlet 
pairsJ^ Spin-triplet pairs are not present in the origi- 
nal Nb superconductor, but they are produced when the 
magnetization of the F' layer is non-collinear with that 
of the nearest Co layer i 5 ' 13 i 14 The largest spin-triplet su- 
percurrent has been obtained with F' being a 4-nm-thick 
layer of PdNi alloy or a 2-nm-thick Ni layer. If the total 
Co thickness is kept fixed at 20 nm, I c is enhanced by 
more than two orders of magnitude by inserting either of 
those F' layers £ 

In this work we are interested in how the presence 
of Co/Ru interfaces affects the magnitude of I c . Since 
the supercurrent can be carried either by spin-singlet 
or spin-triplet pairs, there are two parts to this ques- 
tion. To address how Co/Ru interfaces affect spin- 
singlet supercurrent, we have fabricated samples with- 
out F' layers, and containing varying numbers of Ru 
layers. The total Co thickness is kept fixed at 8 nm - 
large enough to allow subdivision into up to four sub- 
layers but small enough so as not to suppress I c below 
our measurement sensitivity. The Ru layers are always 
0.6 nm thick, to optimize antiferromagnetic coupling be- 
tween the Co layers on either side. For N = 1, the 
central SAF is of the form Co(4)/Ru/Co(4); for N = 2 
it is Co(2)/Ru/Co(4)/Ru/Co(2); and for N = 3 it is 
Co(2)/Ru/Co(2)/Ru/Co(2)/Ru/Co(2), where all thick- 
nesses are in nm. This design keeps the net magnetic flux 
as close to zero as possible for each value of N. To address 
how Co/Ru interfaces affect spin-triplet supercurrent, we 
have fabricated samples with 4-nm thick PdNi layers as 
the F' layers. In these samples the total Co thickness is 
kept fixed at 20 nm, which is enough to suppress the spin- 
singlet supercurrent by at least two orders of magnitude 
relative to the spin-triplet supercurrent^ The ratios of 



the Co-layer thicknesses are the same as before: for N — 
1, the central SAF is of the form Co(10)/Ru/Co(10); for 
N = 2 it is Co(5)/Ru/Co(10)/Ru/Co(5); and for N = 3 
it is Co(5)/Ru/Co(5)/Ru/Co(5)/Ru/Co(5). 
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FIG. 1: Critical current I c times normal-state resistance Rn 
vs. applied magnetic field ("Fraunhofer patterns") for 6 
Josephson junctions with (top row) or without (bottom row) 
4-nm PdNi as F' layers (see text). The number N of Ru lay- 
ers is a) N = 1; b) N = 2; c) N = 3; d) N = 1; e) N = 2; 
f) N = 3. All data are from 20-/nn diameter pillars except 
those in a), which are from a 10- (im diameter pillar. 

Raw data of I c Rn vs. applied magnetic field from 
representative samples of all six types are shown in Fig. 
1. The quality of the Fraunhofer patterns is good for 
all six. The central peaks are shifted from zero by only 
a few Oersteds, indicating good flux cancellation - i.e. 
antiferromagnetic alignment of adjacent Co layer magne- 
tizations. 

The dependence of I c Rn on the number of Ru layers 
is plotted in Fig. 2, both for samples with (red circles) 
and without (blue squares) F' layers. In both cases the 
critical current decreases with increasing number of Ru 
layers, but surprisingly, the rate of decrease is different in 
the two cases. Since each Ru layer introduces two addi- 
tional Co/Ru interfaces, we have fit each set of data to an 
exponential decay of the form I c Rn oc exp{—2N5co/Ru)- 
For the samples without F' layers, in which we expect 
the supercurrent to be carried entirely by spin-singlet 
electron pairs, the value of Sco/Ru obtained from the fit 
is 0.64 ± 0.05. For the samples with F' layers and with 
the thicker Co, in which the supercurrent is carried al- 
most entirely by spin-triplet pairs, the value of Sqo/Ru 
obtained from the fit is 0.35±0.08. We do not understand 
why spin-singlet pairs appear to be suppressed more than 
spin-triplet pairs at Co/Ru interfaces. 

A number of theoretical works have discussed the ef- 
fect of spin-dependent, spin-flip, or spin-orbit scattering 
on the critical current of S/F/S Josephson junctions in 
various regimes j 11 ' 15 " ^! These works address scattering 
in the bulk of the materials, rather than at interfaces, 
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FIG. 2: (color online). Product of critical current 7 C times 
normal-state resistance Rn vs. number N of Ru layers in 
the Josephson junctions. Red circles represent samples with 
4-nm thick PdNi F' layers and with total Co thickness of 20 
nm, carrying spin-triplet supercurrent. Blue squares repre- 
sent samples without F' layers and with total Co thickness 
of 8 nm, carrying spin-singlet supercurrent. The lines are 
least-squares fits discussed in the text. 



and most of them address the spin-singlet rather than 
the spin-triplet supercurrent. Ref. |16| is an exception 
in that it addresses the effect of spin-orbit scattering in 
the bulk of the F material on both the spin-singlet and 
spin-triplet supercurrent in S/F/S Josephson junctions. 
The authors conclude that, for moderate spin-orbit scat- 
tering, the spin-triplet component is more sensitive than 
the spin-singlet component to the spin-orbit interaction. 
Thus it appears unlikely that spin-orbit scattering is re- 
sponsible for our experimental observations. There is also 
a growing literature on spin-dependent boundary condi- 
tions at S/F interfaces.— To our knowledge, neither that 
literature nor the works cited above provide microscopic 
calculations of spin-memory loss at interfaces, and how 
such spin-memory loss affects the spin-singlet and spin- 
triplet supercurrent. 



The main conclusion from the results presented in this 
section is that each additional Ru layer causes only a 
mild suppression of the critical supercurrent, by factors 
cxp(-2 x 0.64) = 0.28 or exp(-2 x 0.35) = 0.50, for the 
singlet and triplet supercurrents, respectively. This mild 
suppression is not enough to explain the much larger dif- 
ference between the values of I c Rn observed in our large- 
area samples and those observed in the much smaller 
samples studied by Robinson et alZ 



III. USING GIANT MAGNETORESISTANCE 
TO ESTIMATE 8 Co/Ru 

A. Important CPP parameters 

Before we present the details of the sample structure 
to determine Sc /Rm we define and quantify the im- 
portant current-perpendicular-to-plane (CPP) parame- 
ters that determine the GMR and how the CPP transport 
is modeled. 

For CPP diffusive transport in ferromagnetic- 
/nonfcrromagnetic- metal (F/N) multilayers, the follow- 
ing bulk and interface parameters are important. In 
the bulk of F, one has the resistivities p\ and p F that 
can be combined to give p* F = (p F + p F )/^ and spin- 
asymmetry parameter j3p = (p F — p F )/(p F + p F )- The 
arrows (t) and (J,) correspond to the electron moment 
being parallel or antiparallel to the moment of F, re- 
spectively. For F/N interfaces, one has the interface 



resistances AR 
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ARX 



( AR F/N ' 



and ARp^ N 

- AR F ^ N )/A and spin- asymmetry pa- 
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that combine to give 
d spin-ai 
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F/N 

rameter J F / N = (AR F j N - m ( . x ; i . ui N 
For the simple case of no electron-spin flipping in the mul- 
tilayer, a two current series resistor model (2CSR) can be 
used to analyze the MR behaviori*^ For the more gen- 
eral case of spin flipping in the bulk of the layers and 
at the interfaces, the Valet-Fert (VF) model 9 must be 
solved numerically to extract important parameters such 
as Co/Ru. 

Our samples contain Nb, Cu, Py (= Permalloy 
sa Ni .8Feo. 2 ), Co, Ru and FeMn. Our own prior 
studies^— give the following parameters for these met- 



als: PFeMn 
ffW; AR 



875 ± 50 nflm; AR 



Nb/FeMn 



= 1.0 ± 0.6 



FeMn/Py 



1.0 ± 0.4 mm 2 ; p Py = 123 ± 40 
nOm; (3 Py = 0.76 ± 0.07; iff = 5.5 ± 1 nm; AR* Py/Cu = 
0.50±0.04ff2m 2 ; j Py /cu = 0.7±0.1. p Co = 60±4nfim; 
Pco = 0.46 ± 0.05; j Co /Cu = 0.75 ± 0.04; AR* 
0.52 ± 0.02 mm 2 ; 5, 



, OCo/Cu 



nm 2 !^; p Cu 



L Co/Cu ~ 

0.33±^; & = 60 ± 20 



l°f > 1000 



5 ± 1 nilm; and from ref. 
nm; p Ru = 95 nfim and Iff « 14 nm. 29 Prior CPP 
preliminary studies indicated that Jco/Ru ~ —0.2 and 
AR ho/Ru ~ °- 50 ffi m 2 - 29 With a Co(3nm)/Ru(0.6nm) 
multilayer, we obtained a similar value of AR* Co ^ Ru = 
0.60 ± 0.03 mm 2 M We will refine AR* Co/Ru and "fco/Ru 
later in Section III.C. 



B. Sample Structures 



In the next section we discuss an entirely independent 
way of obtaining 8c /Ruj this time by looking at the prop- 
agation of spin-polarized electrons in the normal state - 
without any superconductivity. 



Two kinds of samples are employed to de- 
termine Sco/Ru, using CPP-GMR at 4.2K. 
A CPP double exchange biased spin valve 
(DEBSV) is used for both structures^ 
Nb(150) /Cu(10) /FeMn(8) /Py(6) /Cu(10) /X l /Cu(10) / 
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Py(6)/FeMn(8)/Cu(10)/Nb(150), where the thicknesses 
are in nm and Xj represents the inner sets of layers of 
the two samples labelled with i = 1 or 2. The two Py 
layers are pinned by exchange-bias coupling to the FeMn 
layers, so that their magnetic moments reverse together 
at a much higher field H than is needed to reverse 
the overall moment of Xi. Also tcu—10 nm is thick 
enough to exchange-decouple Xi from the Py layers. 
To achieve uniform current flow in the CPP geometry, 
the multilayers are sandwiched between ~ 1.1-mm wide, 
crossed Nb strips, which superconduct at our measuring 
temperature of 4.2 K. We find the overlap area A « 1.2 
mm 2 through which the CPP current flows by measuring 
the width of each Nb strip with a Dektak profilomctcr. 
The intrinsic quantity for these measurements is AR 
where R is the CPP resistance. Our sputtering system, 
sample preparation, and measuring techniques are 
described in ref. [U 

X\ has the following structure: 

[Co(3)/Ru(1.4)/]„Co(3) where n ranges from to 
8. The 1 .4-nm-thickness of the Ru is chosen to cause 
parallel exchange coupling between the Co layers so 
that the magnetizations of the Co layers switch as a 
single unit when a modest in-plane magnetic field is 
reversed. The CPP-GMR then results from reversal of 
the moment of X\ from parallel (P) to anti-parallel (AP) 
to the common direction of the moments of the two Py 
layers. We measure AAR = AR AP — AR P and see how 
it changes with n, a behavior that depends upon Sqo/Ru- 
One of us used an identical sample structure with Ru 
replaced by Cu to determine 5co/Cu- 2A 

X2 has the following structure: 

[Co(1.5)/Ru(0.6)/] m [Co(3)/Cu(1.4)/Co(3)/] 
[Ru(0.6)/Co(1.5)] m where m ranges from to 3. 
The 1.4-nm-thick Cu layer in the middle of the structure 
exchange couples the moments of the two adjacent Co 
layers parallel. The 0.6-nm-thick Ru layers couple the 
adjacent Co-layer moments in an antiparallel state. For 
example, with m = 1, the Co(1.5) layers are antiparallel 
to the nearest Co(3) layer, and the 1.5-nm-thickness of 
the outer Co layers ensures that the overall moment of 
the multilayer is parallel to that of the Co(3) layers. 
Thus this Xi system will switch as a unit when a modest 
magnetic field is reversed. As will be explained later in 
Section III.D., this X2 geometry shows a more sensitive 
dependence of AAR on 8q /Ru f° r m = 1 an( i 3. 
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FIG. 3: AR vs. n for the X\ samples. The line is a linear 
least-squares fit to the data. 

AR* Co/Ru = 0.60±0.03 ffim 2 for t Ru = 0.6 nm. 30 Because 
the higher interface resistance may be associated with a 
more completely- formed interface for tn u = 1.4 nm, we 
will use the X\ value of AR^, o ^ Ru for X\ -related calcula- 
tions, and we use the lower value of AR*j o ^ Ru for the Xi 
samples where t Ru = 0.6 nm. 

To refine 1q /Rui we revisit the preliminary anal- 
ysis in ref. [29|. In Fig. 3 of that publication, AAR 
is plotted vs. tc for a multilayer of the form: 
[Py(6)/Cu(20)/Ru(2)/Co(i C o)/Ru(2)/Cu(20)/Py(6)] 6 . 
If "/co/Ru is negative, there will be value of ico where 
positive spin asymmetry in bulk of the Co cancels the 
negative spin asymmetry of the two Co/Ru interfaces, 
and AAR=0. The 2CSR model predicts that 

AAR cx PcoPhotc o T" 'J Co/Ru ^R* Co/Ru (1) 

A linear fit to AAR vs. tea gives tco = 5.2 ± 0.3 
nm at the point where AAR = 0. Using the X\ value 
of AR* Cq , Ru (since t Ru — 2 nm here) and the known 
values of other parameters (except for ^co/Ru), we obtain 
Ico/Ru — —0.12 ±0.03. This value of Jco/Ru wm De use d 
in the analysis of our data. 

D. Expected behavior of AAR 



C. Refinement of AR* Co/Ru and Jco/Ru 

For Xi samples, the slope from a plot of AR AP vs n 
can be used to determine AR*~, o ^ Ru . The 2CSR model 
predicts that slope=/9^. • 3nm + p Ru ■ 1.4nm + 2AR£, , Ru . 

Fig. 3 shows a plot of AR AP vs n. The least-squares 
linear fit has a slope of 1.89 ± 0.30 film 2 that gives 
AR* m = 0.77 ± 0.15 mm 2 . This value of AR* m 

Co/ Ru Oof Ru 

just agrees within mutual independent uncertainties with 



To simplify the data analysis that will come later, we 
present here the expected behavior of AAR for both 
types of samples using the V-F model. To determine 
the effect of "fco/Rut we w iU vary Jco/Ru between the 
extremes of and -0.12. Also we know that Sc /Cu = 
0.33^0 08^ and, anticipating our result for Sc /Rm: nerc 
we set, temporarily, S Co /Ru = 5 Co /Cu- 

For the X\ samples, Fig. 4 shows the anticipated be- 
havior of AAR vs. n for 7co/_Ru=0 an d - 0.12. Here AAR 
decreases with increasing n. In contrast, the Co/Cu sys- 
tem showed AAR increasing with This difference is 
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Magnetic structure for X2 sample 



Cu/ft/Cu/fi/Cu 

Cu/4./Ru/fr/Cu/fr/R U /4./Cu 

Cu/t/Ru/|/Ru/fr/Cu/fr/Ru/4./Ru/t/Cu 
Cu/4./Ru/t/Ru/;/Ru/fr/Cu/i>/Ru/4./Ru/t/Ru/4./Cu 



TABLE I: Alignment of Co(3) (~ff) layer moments with respect to those of the Co(1.5) (t, V) layers in the X2 samples. 





FIG. 4: (color online). AAR vs. n for X\ samples with two 
values of yco/Ru- The curves are explained in text. The tran- 
sition from dashed to solid curves show the effects of turning 
on finite spin flipping at the Co/Ru interfaces. 



FIG. 5: (color online). AAR vs. m for X2 samples. The 
lines and diamond symbols are explained in the text. The 
transition from the dotted to solid lines shows the effects of 
turning on finite spin flipping at the Co/Ru interfaces. 



due the positive, much larger value of Jco/Cu = +0.75, 
in comparison to ^co/Rm- 

The dotted curves are for spin flipping at the Co/Cu in- 
terfaces only with no spin flipping elsewhere. The dashed 
curves show what happens when bulk spin flipping in Co 
and Ru is added. Finally, the solid curves exhibit the ad- 
ditional effects of having Sco/r.u — 0.33. The transition 
from the dashed to solid curves at large n indicates that, 
in principle, the effects of finite 5c /Ru should be observ- 
able in the data. However, the significant dependence of 
AAR on Jco/Ru w iH likely complicate the extraction of 
Sco/Ru from the data. 

For the X 2 samples, Fig. 5 shows the expected behav- 
ior of AAR vs. m using the V-F model. The lines are for 
ICo/Ru = —0.12. The dotted lines are for spin flipping 
only at Co/Cu interfaces and in the bulk of the Co and 
Ru layers. These dotted lines are hardly changed if the 
bulk spin flipping is omitted. The solid lines show what 
happens to AAR when 5c /Ru — 0.33. As anticipated, 
AAR is most sensitive to Sqo/Ru f° r m = 1 and 3, as ex- 
plained below. The diamond symbols represent the case 
where ^co/Ru = 0. In contrast to Fig. 3, here AAR is 
not sensitive to ^co/Ru, and this lack of sensitivity will 
make a determination of Sqo/Ru more robust. For exam- 
ple, if the calculated value of AAR for Jco/Ru = —0.12 
and 5co/Ru = 0.33 is held fixed as jco/Ru is set to zero, 



Sco/Ru only decreases to 0.31. 

Including the Cu layers between the X2 in- 
sert and the two Py layers, the sample structure 
is Cu(10) / [Co(1.5) /Ru(0.6) /] m [Co(3) /Cu(1.4) /Co(3) /] 
[Ru(0.6)/Co(1.5)] m /Cu(10). This structure is designed 
to make the major contribution to AAR of the large 
asymmetry of the Co/Cu interfaces ("fco/Cu = +0.75) 
sensitive to 5q /Ru f° r Tn = 1 and 3. 

Table 1 shows how the magnetic moments of the two 
Co(3) (ff) layers are aligned with respect to the Co(1.5) 
(t, I) layers. 

For no spin flipping anywhere, the 2CSR model pre- 
dicts the following behaviors, (a) For m = and 2, the 
moments of the outer Co(1.5)/Cu interfaces are parallel 
to those of the inner Co(3)/Cu interfaces, giving a large 
positive AAR as seen in Fig. 5. (b) For m = 1 and 3, the 
outer Co(1.5)/Cu interfaces are antiparallel to those of 
the inner Co(3)/Cu interfaces, giving AAR rs 0, as seen 
Fig. 5. The contributions of Co/Ru regions to AAR 
are included in items (a) and (b), but we clarify next 
how the 2CSR model applies to these Co/Ru regions. 
For m = 1 — 3, the two antiparallel Co/Ru interfaces 
on each side of a given tn u = 0.6 nm layer together 
give no contribution to the overall spin asymmetry of 
the X2 layer and thus do not contribute to AAR. For 
example, the contributions to AAR of the f/Ru/4- in- 
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terfaces are +^Co/RuARq , Ru for the left interface and 
— 1Co/RuARc /r u f° r the right. Since this cancelation 
is independent of the value of Jco/Ru, AAR will not de- 
pend on Jco/Rui a t least for the case of no spin flipping 
anywhere. Thus the very weak dependence of AAR upon 
lCo/Ru shown in Fig. 5 is plausible. With m = 1 and 3, 
the overall bulk-Co contribution to AAR is equivalent to 
two Co layers (f) with 1.5 nm thickness, giving in terms 
of the 2CSR model that AAR = +2(/3c Oj 0co*Co) = 0.1 
ffhn 2 . This positive bulk contribution to AAR is small 
compared to that for m = and 2, justifying the state- 
ment that AAR « for m = 1 and 3. 

For finite S Co /r.u with m = 1 and 3, the spin flipping 
at the Co/Ru interfaces causes the two outer !/Cu in- 
terfaces to make a more significant contribution to AAR 
than the central two il/Cu interfaces. Crudely, the two 
inner it/Cu interfaces are becoming "isolated" by spin 
flipping from the two outside Py layers. Thus we have 
AAR < 0, as seen in Fig. 5. For m — 3, AAR is even 
more negative because there are more Co/Ru interfaces 
between the inner and outer Co/Cu interfaces. Hopefully 
these negative values of AAR will be seen in the data. 





_ 19.0 . 

CS -400 -200 200 400 -400 -200 200 400 



25.8 



/ 



32.8 



d) 


f i 




> 






■ 









-400 -200 200 400 600 -400 -200 200 400 600 
H(Oe) 



FIG. 6: Magnetoresistance data for two X\ samples with n 
1 (panels a and b) and two with n — 6 (panels c and d) . 



IV. GIANT MAGNETORESISTANCE DATA 



A. X\ raw data 

Raw magnetoresistance data for a representative se- 
lection of Xi samples with n = 1 and n = 6 are shown 
in Fig. 6. The outer Py layers are pinned in the neg- 
ative direction in the figure. Hence at negative applied 
fields H, the samples are in the P (low resistance) state, 
and at positive H, the samples are in the AP (high resis- 
tance) state. The hysteresis is due to the coercive field of 
the inner Co/Ru multilayer, which switches sharply as a 
single block due to the ferromagnetic exchange coupling 
induced by the 1.4-nm thick Ru layers. The flat parts 
of the graphs outside the hysteresis region allow precise 
determination of AR. 



B. X2 raw data 

Raw magnetoresistance data for a representative selec- 
tion of X2 samples with various values of m are shown 
in Fig. 7. Again, the outer Py layers are pinned in the 
negative direction. A sample with m = 0, shown in panel 
a), exhibits clear switching of the central Co/Cu/Co tri- 
layer, as expected, at ~ ± 200 Oe. At negative H , the 
sample is in the P (low resistance) state, while at positive 
H , the sample is in the AP (high resistance) state. Note 
that X2 samples with m = are similar to X\ samples 
with n=l, except that the former have Cu rather than 
Ru separating the two central Co layers. As a result, 
they have much larger values of AAR because Jco/Cu is 
large and positive whereas Jco/Ru is small and negative. 



A sample with m = 2, shown in panel b), exhibits sim- 
ilar behavior, since for any even value of m the outer Co 
layers are parallel to the central Co layers. The resistance 
data in the AP state (at H > 400 Oe) are not quite as 
flat in this sample as in the m = sample, so R AF was 
determined near H = 150 where R is a maximum. Note 
that the switching field here is approximately twice that 
for m = in panel a). So at these higher fields we may 
be seeing the effects of unpinning of the Py layers that 
would cause R to decrease with increasing field. 

The situation is different for samples with odd values of 
m, as shown in panels c) and e) of Fig. 7 for lower fields 
and panels d) and f) for higher fields. These four panels 
show that the magnetoresistance is negative, as expected 
if 5 Co /Ru is finite. R p is determined from the data near 
H=0 because R decreases as H becomes more negative. 
In this decreasing field, those outer thin- Co layers that 
are antiparallel to the central Co layers are tending to 
rotate parallel to the central Co and Py layers, moving 
toward a "global" parallel state for all of the Co layers. 
This will decrease R. In fact, for H « 0, we estimate 
that R will decrease by ~ 1.3 n!7 for the sample in panel 
d). The decrease in R seen in panel d) as H goes from to 
~ — lOOOOe is much smaller than this predicted extreme 
case, so the misalignment of the antiparallel outer Co 
layers is small but still makes a significant contribution to 
the magnetoresistance. Thus is important to determine 
R p near H = 0. R AP is determined in the low-slope 
region near H=+600 Oe, just below the onset of Py- 
layer unpinning for H > 750. As discussed for H < 0, 
increasing +H will cause those outer thin-Co layers that 
are antiparallel to the central Co layers to rotate more 
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FIG. 7: Magnetoresistance data for several X2 samples: a 
m = 0; b m = 2; c and d m = 1 (the latter shows data with 
H taken to larger values, with depinning of the Py layers 
when H > 750 Oe); e and f m = 3 (the latter panel shows 
unpinning of the Py layers when H > 700 Oe). Note that 
when the Py layers are unpinned by a large positive value of 
H, repinning occurs only at a significantly lower value of H. 
Labels P and AP point to the regions that determine R p and 
R AF , respectively. 



parallel to the central layers and less parallel to the Py 
layers. Thus R will tend to increase. This means that 
the actual value of i? AP is likely to be less than i? AP 
directly determined from data for H=^ +600 Oe. Thus 
the magnitude of AAR is underestimated. To make this 
correction to Rap, one could take the change in R as H 
varies from ~ - 600 Oe to Oe and subtract this from the 
nominal value of R AP . We will analyze the AAR data 
without this correction and then ask what happens to 
dco/Ru when this correction is made to the m = 1 data. 

For m = 3, making such corrections to i? AP is more 
difficult. As shown in panels e) and f) of Fig. 7, a 
larger value of H is needed to saturate the magneti- 
zation of the [Co(1.5)/Ru(0.6)/] 3 [Co(3)/Cu(1.4)/Co(3)/] 
[Ru(0.6) /Co(1.5)]3 free layer than for the m = 1 samples. 
Thus the "plateau" region where R AP is evaluated con- 
tains a competition between an approach to saturation 
of the Co-containing multilayer and the unpinning of the 
Py layers. Thus it is likely that R AP is over estimated, 
causing the magnitude of AAR to be underestimated. 
Hence, the experimental values of AAR are less reliable 
even if the above-mentioned corrections of the previous 
paragraph were applied to the m = 3 samples. 



V. DATA ANALYSIS AND DISCUSSION 

A. AAR data for X2 samples 

As we showed in Fig. 5, AAR for X2 samples is not 
sensitive to Jco/Ru- So we analyze the X2 samples first 
to establish a value 5c /Ru that we can compare with 
that from the Josephson junction studies in Section II. 
Note that the Josephson junctions and the X2 samples 
employ the same tn u =0.6 nm thickness, while the X\ 
samples have tR U =lA nm. 




m 



FIG. 8: (color online). AAR vs. m for all of the X2 samples. 
The fitting lines are described in the text. The solid circles 
are the data points, and solid diamonds are a I0X vertical 
expansion of the m — 1 data for clarity. 

Fig. 8 shows AAi? vs. m for the X2 samples. The solid 
lines represent the fit of V-F model to the m = 1 data 
only, using Jco/Ru = —0.12 and the other parameters 
presented in Section III. A, and obtaining 5 Co / Ru = 0.34. 
The diamond symbols show a detail of the six data points 
for m = 1, where the ordinate is expanded by a factor 
of ten about the average value of the data. For the m — 
samples where there are no Co/Ru interfaces present, 
the calculated value of AAR agrees well with the av- 
erage value of data within mutual uncertainties. This 
agreement strengthens the argument that the parame- 
ters tabulated in Section III. A are relevant to our X2 
samples. For m — 2, the calculated value of AAR also 
agrees well with data. For m = 3, the experimental value 
of AAR does not agree very well with its calculated value, 
as anticipated in the last paragraph of Section IV. B. 

If one applies the i? AP correction outlined in Section 



IV. B to the m = 1 data, S t 



Co/Ru 



only increases to 0.35. 



Varying 'fco/Ru by its ±0.03 uncertainty only contributes 
a ±0.004 uncertainty to &co/Rm as expected from the 
discussion of Fig. 5. Including the uncertainty associ- 
ated with 5, 



■>Co/Ru 



Co/Cu 

0.34 



0.33igQg, we obtain a final value of 



+0.04 
0.02- 



Interestingly, this value of S, 



Co/Ru 



agrees with those obtained for Co/Cu and Co/Ni inter- 
faces: S Co/Cu = 0.33±S*S2 and 5 Cn im = 0.33 ± 0.06« 



8 



B. AAR. data for Xi samples 
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FIG. 9: (color online). AAR vs. n for all of the X\ samples. 
The fitting curves are described in the text. 

Fig. 9 shows AAR vs. n for the X\ samples. The solid 
curve indicates the expected behavior for the V-F model 
employing the parameters that were used in the V-F fits 
to the data in Fig. 8. Although the overall drop in AAR 
with increasing n is reproduced, the fit is not very good 
especially for small n. The dashed curve shows the V-F 
model fit when Jco/Ru — —0.09 and Sco/Ru — 0.38 are 
used, the extreme values allowed by their uncertainties. 
Most of the rise in AAR is due to the increase in ^co/Rm 
as expected from the discussion concerning Fig. 4. While 
this dashed curve fits the larger n data pretty well, it 
still does not fit the low-n data for reasons that are not 
understood. So we rely on the fits to the data of the X 2 
samples to determine Sqo/Ru- However, the ^4i? AP vs. n 



data for these X\ samples with 4r u =1.4 nm was useful in 
determining AR* Co ^ Ru so that the value of ^co/Rm could 
be refined (see Section III.C). 

VI. CONCLUSIONS 

The interfacial spin- memory loss parameter, 5c /Rm 
has been determined in two ways: measuring the trans- 
mission of spin-triplet and spin-singlet Cooper pairs 
across Co/Ru interfaces in Josephson junctions, and 
using Current-Perpcndicular-to-Plane Giant Magnetore- 
sistance techniques (CPP-MR). For spin-triplet trans- 
mission, we obtain Sc< /Ru = 0.35 ± 0.08 in compar- 
ison to §co/Ru = 0.34^q q2 from CPP-MR measure- 
ments. These two values of Sc /r.u are i n excellent 
agreement. They also agree with <5p/jv values obtained 
for Co/Cu and Co/Ni interfaces: 5 Co / Cu — 0.33lg Qg 
and 5 Co/Nl = 0.33 ± 0.06^2, It is hoped that this 
agreement will stimulate more theoretical work to es- 
tablish the source(s) of spin-memory loss at F/N inter- 
faces. The most likely contributions include spin-orbit 
and interfacial spin-disorder scattering ! 33 ' 34 Also we re- 
fined an earlier estimate of the Co/Ru interfacial scatter- 
ing asymmetry^ and obtained Jco/Rm = —0.12 ± 0.03. 
For spin-singlet transmission across the Co/Ru interface, 
we obtained 5c /r,u — 0-64 ± 0.05 that is about a factor 
of two larger than S Co / Ru from spin-triplet and CPP- 
MR measurements. This factor-of-two enhancement in 
5co/Ru is not understood and will hopefully encourage 
further theoretical work. 
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